Correspondence larryz@uw.edu
In Brief Jo et al. demonstrate that dopamine neurons of the ventral tegmental area encode the prediction of future threat. They demonstrate that elevated threat levels and increased uncertainty of threats induce fear generalization that is reflected in the dopamine code.
INTRODUCTION
In Pavlovian conditioning, a neutral sensory cue paired with an unconditioned stimulus (US) will become a conditioned stimulus (CS) that elicits behavioral responses appropriate to the US (Pavlov, 1927) . As neutral stimuli become perceptually similar to a CS, they can also elicit conditioned responses (Dunsmoor and Paz, 2015; Pavlov, 1927) . In fear generalization, when the intensity of a US increases, the discrimination between a USpredictive signal (CS + ) and a non-predictive safety signal (CS -) decreases, even if the CSmaintains dissimilarity to the CS + (Ghosh and Chattarji, 2015; Sanford et al., 2017) .
Dopamine neurons of the ventral midbrain play an essential role in Pavlovian associative processes by providing a teaching signal relating to the value and saliency of stimuli (Bromberg-Martin et al., 2010; Clark et al., 2012; Dayan and Berridge, 2014; Montague, 2007; Schultz et al., 2017) . In addition to their role in reinforcement learning, dopamine plays a critical role in fear conditioning (Borowski and Kokkinidis, 1996; Fadok et al., 2009; Guarraci and Kapp, 1999; Pezze and Feldon, 2004; Zweifel et al., 2011) . Several studies have demonstrated that subsets of dopamine neurons are activated by threatening or noxious stimuli (Brischoux et al., 2009; Chiodo et al., 1979; Mantz et al., 1989; Schultz and Romo, 1987; Wang and Tsien, 2011) , as well as threat-predictive stimuli following fear conditioning (Gore et al., 2014; Guarraci and Kapp, 1999) . Genetic suppression of the capacity of dopamine neurons to engage phasic increases in firing promotes sustained generalized fear and anxiety following exposure to moderate intensity threat (Zweifel et al., 2011) . Additionally, enhancement or suppression of dopamine receptor signaling in the central nucleus of the amygdala (CeA) can either promote or diminish fear discrimination, respectively (De Bundel et al., 2016) . Although considerable evidence points to a role for dopamine neurons in discriminatory fear learning, the manner in which dopamine signals contribute to this process remains unresolved.
Uncertainty is a potent stressor (Peters et al., 2017) and dopamine neurons are sensitive to both stress and stress-associated signaling pathways (Margolis et al., 2003; Saal et al., 2003; Ungless et al., 2003; Wanat et al., 2008) . Dopamine neurons are also sensitive to uncertainty in reinforcement learning (Fiorillo et al., 2003) . Threatening stimuli are inherently stressful and stress has long been known to negatively affect behavioral performance and learning (Yerkes and Dodson, 1908) . Thus, as threat intensity increases elevated stress levels would be predicted to inhibit discriminatory learning processes resulting in fear generalization. However, whether there is a link between uncertainty and fear generalization is not known. Given the sensitivity of dopamine neurons to uncertainty and the observation of subsets of dopamine neurons being activated by threatpredictive cues, we hypothesized that these neurons may provide an important link between these two phenomena and yield new insight into the basis of fear generalization.
RESULTS

Dopamine Neuron Activity Tracks Behavioral Threat Discrimination
To test whether dopamine neurons track uncertainty in fear conditioning and whether fear generalization associated with elevated threat levels parallel these responses, we tracked dopamine neuron responses using probabilistic and non-probabilistic fear-conditioning paradigms. Mice expressing Cre-recombinase under the control of the endogenous dopamine transporter locus (Slc6a3 IRES-Cre , or DAT-Cre; Zhuang et al., 2005) were injected with conditional adeno-associated virus for expression of channelrhodopsin (Boyden et al., 2005 ) (AAV1-FLEX-ChR2-mCherry) and implanted with an optetrode array for recording ( Figure S1A ). Dopamine neurons were identified using an optical-tagging method (Lima et al., 2009) (Figures 1A-1D ). To test the sensitivity of threat discrimination to probabilistic discounting, mice were conditioned to auditory cues paired with a mild US that promotes discriminatory fear (0.3 mA), but with diminishing discrimination indices (DIs = 1.0-0.4; DI = probability of tone A -probability of tone B) in separate cohorts of implanted mice, or with a strong (A) Neural activity and freezing behavior were measured in distinct contexts in response to two auditory stimuli before (Pre) and after (Post) fear conditioning (FC). (B) Schematic of tone-US pairing to manipulate US probabilities associated with two tones. Among ten sets of tone A and B trials, high-and low-probability sets were pseudo-randomly ordered. Tone A was associated with US on highprobability sets, whereas tone B was paired with US on low-probability set(s). Tone A at p = 1 and B at p = 0 were interchangeably used as CS + and CS -, respectively. (C) Discriminative freezing of recorded mice (N = 4-5 mice per condition per condition) calculated as freezing to tone A (CS + ) minus freezing to tone B (CS -). Mice were conditioned with 0.3-mA foot shock with different DIs (1-0.4) or 0.5-mA foot shock (DI = 1). (D) Characteristics of light-evoked responses. A cluster analysis was performed based on spike probability and spike latency in response to 10 pulses of blue light (5-ms width, 20 Hz; 473 nm). The cluster in black was categorized as dopaminergic. Inset histograms show firing patterns of 5 representative VTA neurons (in red) in response to the light. Light-evoked waveforms in dopamine cells were correlated to spontaneous waveforms ( Figure S1F ). US that promotes generalization (0.5 mA) but with a high DI (1.0) ( Figure 1B ). Analysis of discriminatory fear (CS + freezing minus CSfreezing) in recorded mice demonstrated that animals discriminated the predictive and non-predictive cues at a DI = 1.0, 0.8, and 0.6, but not 0.4, following the first day of conditioning and discriminated at DI = 1.0 and 0.8, but not 0.6 or 0.4, following the second day of conditioning (Figures 1C and S1B-S1E). Mice conditioned with a strong US intensity of 0.5 mA at DI = 1.0 did not discriminate following either day of conditioning (Figures 1C and S1F) .
Neurons were classified as being dopaminergic if they had a short-latency lightevoked response (%8 ms) and a high probability of generating a light-evoked action potential (p R 0.6) (Figures 1D and S1G). Genetically defined dopamine neurons were mostly non-responsive before fear conditioning but exhibited phasic excitation or inhibition at the onset of tones after conditioning . These dopamine responses to tones were strongly modulated by uncertainty associated with probabilistic discounting. When behavioral discrimination and certainty were high (0.3-mA US, DI = 1 or 0.8) the excitation of a subset of dopamine neurons was significantly stronger in response to tone A than tone B. As the DI decreased to 0.6 and 0.4 to lower predictive certainty, excited responses to tone A were diminished, and responses by the same neurons to tone B were reciprocally increased (Figures 2A-2C ). For a distinct subset of neurons displaying phasic inhibition, differential firing (B and C) Normalized excited responses to tone A (relative to pre-tone baseline) were negatively correlated with DI and intensity during post 1 (B; Pearson's correlation, r = À0.53, ***p < 0.001) and post 2 tests (C; r = À0.63, ***p < 0.001). Normalized responses to tone B we positively correlated in post 2 (***r = 0.65, p < 0.001). (D) Average inhibited dopamine neuron responses during diminishing certainty or increased US intensity (±SEM). (E and F) Normalized firing rates of inhibited dopamine neurons in response to tone B are negatively correlated with DI during both post 1 (E; r = À0.77, ***p < 0.001) and 2 tests (F; r = À0.65, ***p < 0.001). (G-I) Relationships between dopamine neuron activity and freezing behavior. Magnitudes of tone A (G) and B (H) responses relative to basal firing before tone onset and preferential firing to tone A (CS + ) over B (CS -) (I) and were computed from pooled electrophysiology data as (auROC -0.5) 3 2, where auROC is the area under the ROC curve. Freezing behavior was also expressed as (CS + À CS -)/(CS + + CS -). Spearman's rank correlation tests revealed that discriminative freezing behavior had significant positive relationships with dopaminergic excitation to the CS + (G; r = 0.73, ***p < 0.001), dopaminergic inhibition to the CS -(H; r = 0.57, ***p < 0.001), and differential excitation between the CSs (I; r = 0.72, ***p < 0.001). By contrast, discriminative performance was negatively correlated with dopaminergic excitation to CS -(H; r = À0.46, ***p < 0.001) and differential inhibition (I; r = À0.73, ***p < 0.001). No correlation was found between freezing behavior and dopaminergic inhibition to CS + . rates between the two tones were also observed at DI = 1 and 0.8 ( Figures 2D-2F ). As the DI diminished, inhibition in response to tone B was significantly enhanced in the same cells that exhibited inhibition in response to tone A. The inhibited responses to tone A showed no change across DIs.
To further establish a relationship between dopamine neuron responses to predictive and non-predictive cues and behavior discrimination, we performed receiver-operator characteristic (ROC) analysis. This analysis confirmed that freezing behavior was significantly correlated with the following: (1) the peak of the excited response to the CS + (tone A) was related to behavioral discrimination ( Figure 2G ), but the trough of the inhibited response was not ( Figure 2G ); (2) the peak of the excited response to the CS -(tone B) was related to generalization ( Figure 2H ), as was the trough of the inhibited response ( Figure 2H ); and (3) the differential responses to the CS + and CSof both excited and inhibited cells were related to discrimination ( Figure 2I ).
Dopamine neurons have been shown to display prediction errors following reinforcement learning when CS + stimuli are presented and rewards are omitted (Schultz et al., 1997) . Because dopamine neuron responses were recorded during fear recall in which CS stimuli were presented alone, we assessed whether a similar prediction error occurs. Neurons across conditioning groups that were either activated by the CS + or CSor inhibited by the CS + or CSwere pooled and activity at cue offset was analyzed. In activated neurons, US omission did not result in a significant change in activity ( Figure S2F ); however, inhibited (E) Differential freezing responses between CSs during retention tests showed that bilateral inhibition of dopamine cells significantly impaired discriminative fear learning (significant group 3 testing interaction in a two-way ANOVA, F (2,36) = 4.32, p = 0.02; subsequent Bonferroni pairwise comparisons, *p < 0.05; N = 10 mice per group). (F and G) Comparisons of CS + (F) and CS -(G) responses between Jaws-and mCherry-expressing groups. A significant group difference was found for CS + responses (significant group effect in a twoway ANOVA, F (1, 18) = 4.46, *p = 0.049).
neurons showed an increased firing rate above baseline at cue offset ( Figure S2F ).
Dopamine Activity during CS + Facilitates Fear Learning
To begin to establish the role of dopamine neuron activation for discriminatory fear learning, we selectively inhibited all dopamine neurons of the ventral tegmental area (VTA) at the onset of the CS + during fear conditioning using the inhibitory opsin Jaws (Chuong et al., 2014) . To determine the optimal inhibition protocol, DAT-Cre mice were injected with AAV1-FLEX-Jaws-GFP, and an optetrode array was implanted above the VTA ( Figure 3A ). Inhibition of dopamine neurons using a square pulse of red light (1 s) resulted in a large rebound excitation ( Figures 3B and 3C ). However, inhibiting these neurons using a ramp-down illumination (1 s on with 1-s ramp-down) greatly attenuated this effect ( Figures 3B and 3C ). Based on these observations, we selectively inhibited all dopamine neurons bilaterally at the onset of the CS + during fear conditioning using the 1 s on with 1-s ramp-down method (Figure 3D) . Using this protocol, inhibition of dopamine neurons with Jaws approximates the responses observed in a subset of dopamine neurons that are inhibited by the CS + following conditioning and should prevent the activation of the subset that showed increased activity to the CS + .
Mice were fear conditioned at 0.3 mA, DI = 1 to promote threat discrimination. Bilateral inhibition of dopamine neurons at the onset of the CS + during conditioning significantly attenuated discriminatory threat learning ( Figures 3E and S3 ). This reduction in threat discrimination was associated with a reduction in freezing to the CS + , without altering freezing to the CS -( Figures 3F and 3G ). These results indicate that activation of a subset of neurons is important for discriminatory fear learning.
Enhancement of CS + Dopamine Signals Attenuates Fear Generalization
Threat discrimination is correlated with the peak amplitude of the dopamine response to the CS + , the differential activation of dopamine neurons to the CS + and CS -, and the differential inhibition to the CS + and CS -( Figure 4A ). To further probe the functional relationship between dopamine neurons and fear discrimination, we optogenetically manipulated these cells unilaterally ( Figure 4B ) by conditionally expressing either stimulatory or inhibitory opsins (AAV1-FLEX-ChR2-mCherry and AAV1-FLEX-Jaws-GFP, respectively) in the VTA of DAT-Cre mice ( Figures S4A and S4B ). The rationale for unilateral manipulation is as follows: (1) If the amplitude of dopamine excitation to the CS + is a critical signal that facilitates behavioral discrimination, then a unilateral increase in this signal at a strong US intensity that promotes generalization should prevent generalized fear.
(2) If equivalent activation in response to the CS + and CSpromotes fear generalization, then increasing dopamine neuron activity at CSonset at a mild US intensity that promotes discrimination should cause generalization. Alternatively, increasing activation of dopamine neurons to both the CS + and CSduring high-intensity foot-shock conditioning should not prevent generalization.
(3) If the equivalent inhibition to CS + and CSis a dominant signal that promotes fear generalization, then unilateral inhibition of dopamine cells at CSonset at a mild US intensity that promotes discrimination should cause generalization.
To test these different possibilities, dopamine neurons were manipulated at the onset of the CS + and/or CSduring fear conditioning using the following parameters, blue light, 1 s, 20 Hz for ChR2 and red light, 1 s on with 1-s ramp-down for Jaws (Figure 4C) . To determine whether manipulation of dopamine signals can alter fear generalization, mice were fear conditioned with 0.5-mA foot shock, DI = 1. Unilateral stimulation of dopamine neurons at the onset of the CS + promoted fear discrimination (Figures 4D, S4C , and S4D). Unilateral inhibition with Jaws at CS + onset in a separate cohort of mice under these conditions had no effect ( Figures 4D and S4E) . Similarly unilateral stimulation or inhibition at the onset of the CSin different groups of mice had no effect on fear generalization . Unilateral stimulation at the onset of the CS + and CSpromoted discrimination, but unilateral inhibition to both in a (1) amplitude of excited responses to CS + , (2) differential excited response to CS + and CS -, and (3) differential inhibited response to CS + and CS -. (B) Optogenetic manipulations of dopamine signaling during fear conditioning. Cre-dependent Jaws and ChR2 were unilaterally injected into the VTA of Dat-cre mice to inhibit and stimulate dopamine cells, respectively. (C) Protocol for ChR2 stimulation: 5-ms blue light at 20 Hz for 1 s at CS onset, or Jaws inhibition: red light, 1 s on followed by 1-s ramp-down at CS onset. (D-F) ChR2 enhancement of activation to either CS + (D) or both CSs (F), but not CSalone (E), during fear conditioning with 0.5-mA stimulus improved discrimination (significant interactions in two-way ANOVAs, (D) F (4,54) = 3.25, p = 0.02, (F) F (4,54) = 3.63, p = 0.01; follow-up Bonferroni pairwise comparisons, *p < 0.05; N = 10 mice per group per condition). Unilateral manipulation of inhibition with Jaws had no effect under any conditions. (G and H) Neither manipulation of stimulation or inhibition during presentation of the CS + (G) or CS -(H) produced differences in fear discrimination in mice conditioned at 0.3 mA (N = 10 mice per group per condition). (I) Dopamine stimulation improved discriminative freezing under increased uncertainty (DI = 0.4, 0.3-mA foot shock; significant group effect in a two-way ANOVA, F (1, 18) = 4.74, *p = 0.04; N = 10 mice per group). separate cohort of mice had no effect . These results suggest that the amplitude of the activation to the CS + is a critical signal that promotes discrimination.
To establish whether manipulation of dopamine signals can alter fear discrimination, mice were fear conditioned with 0.3-mA foot shock, DI = 1 and unilaterally stimulated or inhibited at the onset of the CS + or CS -. Neither unilateral stimulation nor inhibition of dopamine neurons at the onset of the CS + or CSin district cohorts of mice altered fear discrimination (Figures 4G, 4H, and S5A-S5F). To confirm that unilateral inhibition of dopamine neurons is sufficient to induce negative affect, we monitored real-time conditioned place aversion. Unilateral inhibition resulted in a significant place avoidance of the red-lightpaired side of the chamber (Figures S6A and S6B ). We also found that unilateral inhibition facilitated extinction of instrumental lever pressing for food reward (Figures S6C and S6D) . Thus, in specific behavioral contexts unilateral inhibition can serve as a dominant signal to modulate behavior. Overall, we find that only the experiments in which dopamine neurons were unilaterally stimulated at the onset of the CS + during fear conditioning with US intensity of 0.5 mA resulted in a behavioral change ( Figure S5G ).
Our electrophysiology data show that dopamine neuron responses following 0.5-mA foot shock, DI = 1 are similar to those in mice conditioned with 0.3-mA foot shock, DI = 0.4 (Figure 2A ), indicating that fear conditioning with elevated US intensity or increased uncertainty results in similar behavioral outcomes that are also similar at the level of dopamine neuron responses.
To determine whether increasing dopamine activity unilaterally in mice conditioned under increased uncertainty can also prevent fear generalization, we fear conditioned mice with 0.3-mA foot shock, DI = 0.4 and stimulated dopamine cells at the onset of CS + (1 s, 20 Hz). Like increasing CS + signals under elevated US intensity, increasing this signal under increased uncertainty also enhanced discrimination (Figures 4I, S5H, and S5I) .
Enhancement of CS-Activated Dopamine Neurons Alone Reverses Generalization
A caveat to unilateral stimulation is that it will increase activity at the onset of the CS + but also attenuate or block the inhibited responses on that side of the VTA. To address this, we genetically captured CS-responsive VTA dopamine neurons using a Tettag strategy (Liu et al., 2012; Zhang et al., 2015) ( Figures 5A  and 5B ). Following injection of two viral vectors (AAV-fos-tTA and AAV-TRE-DIO-ChR2-mCherry), mice were maintained on a doxycycline (Dox) diet to prevent ChR2 expression. After 2 weeks, mice were conditioned with a 0.5-mA US and then removed from Dox for 3 days. On the third day off Dox, mice were placed in the testing environment and presented with no stimuli (control) or exposed to 3CS + and 3 CSpresentations. Both groups were returned to the Dox diet following the exposure. On the subsequent 2 days, mice were reconditioned with blue-light stimulation at CS + onset as above ( Figure 5B ). Mice exposed to CS presentations on the third day off Dox showed a significantly higher number of dopamine neurons expressing ChR2 than mice only exposed to the testing environment on the third day off Dox, or mice that were continuously maintained on Dox (Figures 5C and 5D ). The control group showed generalized freezing behavior throughout all post-conditioning tests. The experimental group also displayed nondiscriminative freezing during the first post-conditioning test. However, subsequent reconditioning with dopamine stimulation significantly improved discriminative freezing (Figures 5E, S7A , and S7B).
Dopamine Signals in the CeA Modulate Fear Discrimination
The amygdala is a key site of fear learning (LeDoux, 2003) . Recent evidence suggests that the CeA plays an important role in fear generalization (Botta et al., 2015) and anxiety (Ahrens et al., 2018) . Dopamine signaling in the CeA has also been shown to be potent modulator of discriminatory fear (De Bundel et al., 2016) . To determine whether phasic activation of dopamine projections to the CeA is sufficient to prevent generalized fear responses, we unilaterally implanted an optic fiber in the CeA of mice expressing ChR2 in dopamine cells and optically stimu-lated dopamine terminals (1 s, 20 Hz) at the onset of CS + during fear conditioning with a 0.5-mA foot shock. Similar to unilateral cell body stimulation, unilateral stimulation of dopamine terminals in the CeA prevented generalized fear responses ( Figures  6A-6C and S8A-S8C). Unlike unilateral VTA cell body stimulation that is well known to promote reward seeking behavior (Tsai et al., 2009; Witten et al., 2011) , unilateral stimulation of dopamine terminals in the CeA did not promote real-time conditioned place preference ( Figure S8D) . Thus, the enhancement of threat discrimination observed with CeA terminal stimulation appears unrelated to reinforcing effects of dopamine. Unlike CeA terminal stimulation, stimulation of dopamine projections to the nucleus accumbens (NAc) is reinforcing (Steinberg et al., 2014) . We find that stimulation of these terminals does not attenuate fear generalization ( Figures 6D-6F and S8E-S8G).
We next sought to determine whether dopamine projections to the CeA are critical for fear discrimination. To test this, mice were bilaterally injected with AAV1-FLEX-Jaws-GFP and bilaterally implanted with optic fibers over the CeA (Figures 6E, 6F , and S9A). Mice were conditioned with 0.3-mA foot shock, DI = 1 and terminals were inhibited at the onset of the CS + (1 s on followed by 1-s ramp-down). Bilateral inhibition of dopamine terminals in the CeA significantly reduced discriminatory fear compared to AAV1-FLEX-GFP-injected controls (Figures 6G,  S9B, and S9C ). Unlike bilateral cell body inhibition, terminal inhibition in the CeA did not significantly reduce freezing to the CS + following conditioning ( Figure S9D ) but resulted in a significant increase in freezing to the CS -( Figure S9E ).
DISCUSSION
Accurate threat discrimination is essential for an animal's ability to avoid deleterious outcomes while maintaining neutrality toward non-threatening stimuli and incentive motivation for appetitive stimuli. Unpredictable receipt of an aversive stimulus or deficits in discriminatory fear learning can increase generalized anxiety and fear responses (Grillon, 2002; Grillon and Davis, 1997) . Consistent with this impaired contingency awareness model of generalized fear and anxiety, we previously reported that mice with reduced phasic dopamine activation have deficits in cued-fear discrimination (Jones et al., 2015; Zweifel et al., 2009 ) and develop persistent anxiety phenotypes following an aversive experience (Zweifel et al., 2011) . Here, we demonstrate that non-discriminatory fear associated with increased uncertainty or increased US intensity has similar effects on dopamine neuron responses to CS + and CScues. Artificially increasing dopamine neuron activity during CS + presentation during conditioning can attenuate deficits in discriminatory fear associated with either increased uncertainty or increased US intensity. Collectively, these data provide a link between uncertainty and fear generalization.
Dopamine Neurons Reflect Accurate Threat Discrimination
We observed two distinct populations of dopamine responses to CS stimuli following fear conditioning, consistent with previous findings (Guarraci and Kapp, 1999) . One population was transiently inhibited by the CS + stimulus, but not the CSwhen mice displayed discriminatory fear responses. As uncertainty or US intensity increased, inhibitory responses to the CS + were equivalent in discriminating and non-discriminating mice. However, as threat discrimination decreased equivalent inhibitory responses to the CSemerged in cells that showed inhibited responses to the CS + . These results are consistent with the assignment of negative valence to the CScue (Bromberg-Martin et al., 2010) . Activation of inhibited cells at the omission of the US is also consistent with these neurons being related to dopamine neurons that display prediction errors following reinforcement learning (Schultz et al., 1997) Like dopamine cells inhibited by the CS + , cells activated by the CS + did not respond to the CSin mice displaying threat discrimination. Unlike inhibited cells, the magnitude of the activated neuron responses to the CS + was not equivalent between discriminating and non-discriminating mice, but rather decreased in a manner proportional to the degree of generalization. As threat discrimination decreased in our probabilistic fear-conditioning paradigm, or as US intensity increased, we observed equivalently small activated responses to the CSin cells activated by the CS + . These findings are remarkably similar to those reported for dopamine neuron responses to CS + cues in a probabilistic reinforcement task (Fiorillo et al., 2003) . These results indicate that subsets of dopamine neurons are sensitive to uncertainty associated with appetitive or threat-predictive cues. Thus, subsets of dopamine neurons report either a negative valence and negative outcome prediction error (Schultz et al., 1997) or predictive certainty (Fiorillo et al., 2003) .
The exact nature of how fear generalization associated with elevated US intensity and increased CS/US uncertainty are linked remains elusive. However, based on our observations, we propose that fear generalization is the result of impairment in associative learning that results in the aberrant assignment of salience and negative valence to both CS + and CScues. Under high-threat conditions in which the CS + is always paired with the US, repeated US presentations elevate stress levels that impairs learning. This impairment results in aberrant salience and negative valence assigned to the CS -. Because the CSsignal is not temporally linked to the US under these conditions a type probabilistic discounting occurs. Thus, the animal incorrectly assumes that both the CS + and the CSare predictive of the US outcome, but they are correct only half of the time, which results in further uncertainty. Future experiments designed to elucidate the neural circuits and signaling pathways that connect US intensity, stress, and uncertainty to fear generalization will prove highly valuable.
Phasic Dopamine Signals Regulate Threat Discrimination
Bilateral inhibition of dopamine neurons at the onset of the CS + during conditioning significantly impaired freezing to the CS + when mice were probed for fear recall without manipulating dopamine signals during test sessions. These results are consistent with previous data demonstrating mice lacking the ability to synthesize dopamine have reduced fear following conditioning . Because Jaws-mediated inhibition was similar to the inhibitions observed in a subset of dopamine neurons, these results further suggest that inhibited dopamine neurons alone are not sufficient to promote fear. Thus, some level of dopamine is required for both fear learning and fear discrimination. This is further supported by our previous findings that reducing but not eliminating phasic dopamine using a genetic strategy increased susceptibility to the development of generalized fear following an aversive experience (Zweifel et al., 2011) .
Artificial enhancement of dopamine signals at the onset of the CS + promoted fear discrimination under conditions of increased uncertainty and increased US intensity. Selectively enhancing these signals in dopamine neurons previously activated by CS presentations in generalizing mice reversed generalization upon reconditioning. These findings indicate that phasic dopamine signals facilitate discriminatory fear learning and can update previously established fear engrams. Artificially introducing a negative valence signal unilaterally to the CSusing Jaws did not promote fear generalization, consistent with the notion that these negative valence signals alone are not sufficient to evoke fear-related responses. Unilateral Jaws-mediated inhibition to the CS + also did not alter fear discrimination, indicating that an intact phasic dopamine signal on the contralateral side is sufficient to promote discriminatory fear learning. The function of the subset of inhibited dopamine neurons in fear-related learning remains unclear. Our observation that inhibited dopamine neurons show a type of prediction error upon US omission suggests that these signals may play an important role in extinction learning. Consistent with this notion, a recent study found that manipulation of inhibited dopamine signals during fear extinction significantly impacts this learning process (Luo et al., 2018) .
The Role of Dopamine Projections to the CeA for Discriminatory Fear
We find that stimulation of dopamine terminals in the CeA at the onset of the CS + is sufficient to enhance threat discrimination under strong US intensity conditioning. In agreement with this observation, bilateral inhibition of dopamine terminals as the onset of the CS + under mild US intensity conditioning is sufficient to promote generalization. Importantly, unlike bilateral inhibition of dopamine neuron cell bodies, inhibition of terminals in the CeA did not significantly reduce conditioned responses to the CS + but rather promoted a generalized increase in conditioned responses to the CS -.
Based on previous observations that the CeA plays a key role in generalized fear responses (Botta et al., 2015; Sanford et al., 2017) , and that dopamine signaling in the CeA regulates threat discrimination (De Bundel et al., 2016) , we reasoned that the CeA is a critical site for dopamine predictive signals to promote discrimination. Our results support this hypothesis; however, it should be noted that dopamine projections to the CeA represent a relatively small proportion of the overall dopamine neuron population. Thus, it is highly likely that activated neurons project to numerous other brain regions. This is supported by previous observations that dopamine synthesis is required in both projections to the amygdala and the ventral striatum for long-term fear memory formation (Fadok et al., 2010) . Furthermore, previous studies have demonstrated that dopamine neurons projecting to the NAc lateral shell and medial prefrontal cortex undergo plasticity following an aversive experience (Lammel et al., 2011) , and selective targeting of inputs to dopamine neurons projecting the medial prefrontal cortex can elicit aversive behavior (Lammel et al., 2012) . Future experiments designed to address how the different targets of dopamine neurons coordinate conditioned threat discrimination and the mechanisms that increase uncertainty reflected by dopamine neurons under high-threat conditions will provide an important next step in the resolution of threat generalization.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Larry Zweifel (larryz@uw.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Male and female Slc6a3 Cre/+ (DAT-Cre) mice (3-7 month old) were housed on a 12 h light/dark cycle (lights on at 7 am) with ad libitum access to food and water. All experiments were conducted during the light phase of the cycle under the guidelines of University of Washington's Institutional Animal Care and Use Committee.
METHOD DETAILS
Viral production AAV viral vectors (serotype 1) were generated as previously described (Gore et al., 2013) . Briefly, pAAV shuttle plasmids for ChR2 (pAAV-Ef1a-DIO-ChR2-mCherry or pAAV-TRE(Tight)-FLEX-ChR2-mCherry), Jaws (pAAV-CAG-FLEX-Jaws-GFP), and tTA (pAAV-fos-tTA) were co-transfected with the packing plasmid pDG1 (Nature Biotechnologies) into HEK293T/17J cells (ATCC). 72 hours post-transfection cells were harvested and viral vector was liberated by repeated freeze/thaw. Vectors were purified by multiple rounds of cesium chloride gradient centrifugation, sucrose gradient centrifugation, and dialysis. Viral vectors were stereotaxically injected at a final titer of 1-3 3 10 12 particles/ml.
Surgery
Mice were anesthetized under isoflurane (1.5 -4%) and placed in a stereotaxic frame (Model 1900, David Kopf Instruments) . The skull was exposed and adjusted to place bregma and lambda on the same horizontal plane. The anterior-posterior coordinates of target brain structures were normalized to the standard mouse bregma-lambda distance of 4.21 mm using a correction factor (F = Bregma-Lambda distance/4.21). After small burr holes were drilled, virus (0.5 ml) was unilaterally injected into the VTA (3.25 mm posterior, 0.5 mm lateral, and 4.5 mm ventral to bregma) at a rate of 0.2 ml/min. Subsequently a microdrive or an optic fiber (200 mm inner core, 0.22 numerical aperture) was implanted dorsal to the VTA (3.7 mm to the brain surface and 4.0 mm to bregma, respectively). The microdrive contained four tetrodes (25 mm diameter tungsten wire; California Fine Wire) and an optic fiber. Tetrode tips were REAGENT cut and gold-plated to reach impedances of 200-400 kU tested at 1 kHz. The distance between the fiber and tetrode tips was shorter than 500 mm. For stimulation of dopaminergic terminals, an optic fiber was implanted into the CeA (1.2 mm posterior, 2.9 mm lateral, and 4.5 mm ventral to bregma). Only optic fibers that had light loss not exceeding 30% were used thought the study. The implants were secured in place with anchoring screws and dental cement. Mice were allowed to recover for 2-4 weeks following surgery before experimentation.
Fear conditioning
Age-matched littermate mice were randomly assigned to ChR2, mCherry, or Jaws groups. For controls, half of the mice received red light stimulation and half received blue light stimulation. A t test was used to confirm that the two control subgroups did not differ significantly from each other. Acquisition of fear memory was conducted in four identical chambers (context B; 21.6 3 17.8 3 12.7 cm; Med Associates) placed inside sound-attenuating boxes. Each chamber was made of two aluminum and two Plexiglas side walls. A speaker was mounted on one of the aluminum walls for delivering auditory tones. The floor consisted of 24 stainless steel rods which were wired to a scrambled shock generator. To add a context-specific odor, the chamber was cleaned with a 1% acetic acid solution between mice and a stainless-steel pan containing the same solution was placed under the grid floor. Retention of Fear memory was tested in a different environment (context A) where white plastic panels were inserted into the chamber to cover the walls and floor. The chamber was wiped with 70% ethanol between animals.
Conditioning procedures started with measuring baseline freezing levels in response to two tones (4 and 12 kHz; 10 s) which were randomly assigned as CS+ and CS-. The assignment of CS type was counterbalanced within each group. Mice were habituated to context A for 2 min and three CS+ and three CS-trials were presented in a pseudo-randomized order (CS+ was always presented on the first trial; intertrial interval = 60 s). The mice were returned to their home cages. About two hours later, the mice were placed and habituated to context B for 2 min. Then the animals received ten CS+ trials which co-terminated with a 0.5 s foot shock (0.3 or 0.5 mA). CS+ presentations were interleaved with ten CS-trials which were never paired with the US. On the next day, mice underwent the identical conditioning procedures which included a post-conditioning test followed by a conditioning session. Only a post-conditioning test was given on the third day. When CS/US probabilities were manipulated, all conditioning procedures were identical except for tone-US pairing during the acquisition of fear memory. Specifically, ten sets of tone A and B trials were serially ordered (A,B,A,B,  A,B. ), then probabilistic shock pairings for the different DIs for high-probability and low-probability sets were pseudo-randomly selected with the first A,B set always assigned as A-paired, B-unpaired.
During the conditioning procedures, each mouse's behavior was recorded using a video camera mounted above the chamber. Movement velocities were calculated offline by a video tracking software (Ethovision XT 8.5, Noldus Technology). Freezing behavior during the presentations of CS+ and CS-was scored if velocities were less than 0.75 cm/s for at least 1 s. The cutoff velocity for immobility was chosen based on the comparison between automatic and manual scoring of freezing behavior using a sample dataset.
Single-unit recording
Within the home cage, the microdrive was connected to a preamplifier linked to a Cheetah data acquisition system (Digital Lynx 4SX, Neruralynx). Continuously sampled data were amplified, filtered between 100 and 9,000 Hz, and digitized at 32 kHz. Discretely sampled data were filtered between 100 and 6,000 Hz and recorded when spikes exceeded a predetermined threshold. To identify dopamine neurons that expressed ChR2, 10 blue light pulses (473 nm; 5-ms long at 20 Hz; Laserglow technologies) were presented via the optic fiber of the microdrive. If at least two light-responsive units were observed out of four tetrodes, the light intensity (5-15 mW/mm 2 ) was adjusted, so that light-evoked spike waveforms were similar to spontaneous ones. Then the mouse was placed in a brown recording box (27 3 18 3 8 cm) . After a 10-min habituation period, ten CS+ and ten CS-presentations were randomly ordered. The duration of CS presentations was shortened to 3 s to minimize possible extinction effects on the subsequent recall test. At the end of the recording session, 10 blue light pulses were delivered 20 times in order to confirm the stability of the recorded units and quantify their firing characteristics in response to the light. If only one or no light-sensitive unit were found, all tetrodes were lowered in 80 mm increments until more than two light-sensitive units were encountered. These neuronal responses to CSs were recorded on the following day.
Immunohistochemistry
After completion of all experiments, mice were deeply anesthetized with 50 mg/kg of Beuthanasia-D and transcardially perfused with phosphate-buffered saline (PBS) and 4% paraformaldehyde. Brains were extracted and fixed overnight in 4% paraformaldehyde, and then transferred to a 30% sucrose solution at 4 C for 72 hours. The brains were frozen and cut in coronal sections (30 mm) on a cryostat (Leica CM 1850). The sections were treated with a blocking solution (PBS containing 3% normal donkey serum and 0.3% Triton) for 1 hour and incubated overnight at 4 C with the following primary antibodies: 1) anti-tyrosine hydroxylase (monoclonal, 1:1000; Millipore, MAB318), and anti-dsRed (polyclonal, 1:1000; Clontech, 632496) for ChR2-injected mice, 2) anti-tyrosine hydroxylase (polyclonal, 1:1000; Millipore, AB152), and anti-GFP (monoclonal, 1:1000; Millipore, MAB3580) for Jaws-injected mice. Sections were washed three times, then incubated with secondary antibodies conjugated to AlexaFluor 488 or CY3 (donkey anti-rabbit or mouse, 1:200; Jackson Immunoresearch) for 1 hour at room temperature. The sections were
